Abstract-As tidal turbine deployments continue at test sites and in commercial areas, the potential risk for injury or death of marine mammals from colliding with rotating turbine blades continues to confound efficient consenting (permitting) of devices. Direct observation of collisions is technically very challenging and costly. Estimates of collision risk to date have been derived from complex collision risk models that depend on estimates of the number of marine mammals found in the area. Using a simple collision model, the risk of collision was examined at three real-world sites, each of which featured an indigenous marine mammal. Two different turbine designs were examined at each site to extend the range of the estimates. The results of the model runs allow for comparison of risk at a range of tidal sites for a variety of the marine mammals thought to be at potential risk.
INTRODUCTION
As tidal turbines are deployed at test sites and in commercial areas, the potential risk for injury or death of marine mammals from colliding with rotating turbine blades continues to challenge efficient consenting (permitting) of devices. Because there are few tidal turbines and arrays in the water from which to observe interactions, the risk remains uncertain [1] . Currently, estimates of risk are derived from complex collision risk models that depend on estimates of the number of marine mammals found in the area. The response behaviour of marine mammals to turbines further confounds understanding the risk of collision. In addition, the lack of data collected around operational turbines has hampered validation of the collision risk models. This paper explores the application of a simple collision risk model for marine mammals interacting with tidal turbines at three potential tidal sites in the US, the UK, and Canada to provide a first-order estimate of the risk of serious injury or death to the animals. The model (previously reported on) was developed to examine the potential probability and consequences of a harbour seal collision with a two-bladed tidal turbine [2] . This paper examines the model applied to two different turbine types at each location using species of indigenous marine mammals for each site. This approach allows us to explore collision risk based on the unique characteristics of the channel and the species of concern. This model focuses on the fate of a single marine mammal traversing a tidal channel with installed tidal turbines. Additional steps are needed to bridge the gap to understanding potential impacts on marine mammal populations.
Marine mammals are often present in tidal channels, where they use the fast-moving flow for transiting the area and for feeding. Harbour seals (Phoca vitulina), harbour porpoises (Phocoena phocoena), and killer whales (Orcinus orca) are observed to use tidal channels, but this behaviour may be somewhat location specific [3] [4] [5] [6] . The marine mammal model applied here considers the swimming speed of the animals, tidal current speed, operating speed and geometry of the turbine, and sets up likely approach scenarios for each marine mammal approaching a turbine. This paper focuses on integrating certain aspects of marine mammal behaviour, as well as the performance of specific tidal devices to understand how different locations may pose distinct risks to the marine mammal populations.
Previous work [7] IS PERMITTED PROVIDED THAT CREDIT IS  GIVEN TO THE ORIGINAL AUTHOR(S) OF THE WORK, INCLUDING A URI OR HYPERLINK TO THE WORK, THIS PUBLIC LICENSE AND A COPYRIGHT NOTICE.  THIS ARTICLE HAS BEEN SUBJECT TO SINGLE-BLIND PEER REVIEW BY A MINIMUM OF TWO REVIEWERS. turbine blades, and assigned a potential severity of injury. Although difficult to quantify with certainty, the likely severity of injury is also incorporated into the model. By better understanding the characteristics of tidal channels and specific turbine designs, this simple model can provide insight into the risk to marine mammals from rotating turbine blades. Output from the model can act as a starting point for discussions among tidal developers proposing projects and the appropriate regulators, leading to more efficient permitting of single turbines and arrays.
METHODS
The elements of the model include the definition of a collision between a marine mammal and a turbine blade; the species of marine mammal chosen; the locations where tidal power development is likely and where a collision might occur; and the design of turbines. We placed three identical turbines in each waterbody to simulate a small tidal array that a marine mammal might encounter.
A. The Collision Risk Model
The simple model used for this analysis describes the range of possibilities for a marine mammal in a tidal channel where tidal turbines might be placed. A specific series of events must occur for any marine mammal to be injured. Our model defines probabilities for each of these events. To simulate the possible outcomes for a marine mammal travelling through a tidal array, we used a Monte-Carlo simulation to sample the probabilities of each event leading up to a collision.
Scenarios for potential collisions were defined, including those in which a marine mammal would not encounter a turbine blade, the animal would traverse the channel outside of the rotor-swept area, and at times when tidal currents would be slower than the cut-in speed of the turbine.
The scenarios for collisions are defined by the depth at which the marine mammal must be swimming to encounter the turbine. Based on existing literature, the animal is modelled to be at an initial depth based on a probability distribution for U-shaped dives, during which the animal spends most its time near the sea surface or at depth in the water column. This distribution is referred to as the ℎ . The animal is assigned a depth based on this distribution, then the model assumes the animal continues to swim at that depth as it passes through the turbine.
The probability of an animal entering the rotor-swept area ( ) of a turbine blade is described as:
where:
s represents the number of turbines in the channel;
is the swept area of the rotor; and ℎ is the area of the channel.
The proximity of the marine mammal to the turbine is assigned a binary outcome (0 or 1) for the probability of being present in the rotor-swept area, and for encountering the blade. The marine mammal can hit the root, middle, or tip of the blade. A probability distribution was created based on the swept area of each of the three blade sections. For example, for a 10 m radius blade, the tip or outer third of the blade would sweep an area of
The blade speed in the model is based on the current speed in the location of interest, the cut-in speed of the turbine, and the maximum rotational speed of the turbine, assuming that higher speeds are likely to cause greater levels of injury to the animal. The cut-in speed chosen for each location and turbine was 0.5 m/sec, and the maximum speed was capped at 11.8 rpm [9] . Using rotations per minute allows the model to account for the time the animal spends passing through the rotor swept area. Based on the tidal turbine specified in the U.S. Department of Energy (DOE) Reference Model 1 [10] (a current speed of 0.5 m/s produces 4 rpm and current speeds of 1.8 m/s or greater produce a rotation rate of 11.5 rpm).
Based on the rate of blade rotation, the probability of the marine mammal encountering the blade ( ) is calculated by determining the area that the blade would sweep in the time it takes for the animal to pass through the swept area:
where: rpm is the rotations per minute of the turbine; t swim is the time it takes the marine mammal to swim through the turbine swept area; and n blades is the number of blades on the turbine.
If the value for rpm × is greater than one revolution, the animal will always encounter the blade. If the probability of hitting the blade is between one and zero, the probability is sampled by a random number generator to determine whether the marine mammal will collide with the blade, resulting in a final binary distribution (0 or 1) for encountering the blade.
Based on previous studies, three factors may determine the severity of injury a marine mammal will experience when colliding with a turbine blade: the speed of the turbine blade, the portion of the animal's body where the collision occurs, and the location on the blade that strikes the animal. For each collision in the model, the likelihood of injury to the marine mammal was assigned a 1, 2, or 3 for speeds in the lowest, middle, or fastest third of turbine rotational speeds. The model assigned values of 1, 2, or 3 for the tail, head, and middle of the animal's body, respectively, and a 1, 2, or 3 for the location on the blade where a collision might occur at the blade root, middle, or tip, respectively. A severe injury is likely to occur for maximum scores for all three factors: a strike at the tip of the blade, at the fastest speed, and in the middle of the animal's body.
The model was run 1,000,000 times for the three-turbine array with parameters that included the probability of the marine mammal encountering the turbine, the current speed and turbine rotational speed, and the section of the blade and portion of the animal's body that would be involved in a collision. A distribution of the likelihood of injury to a specific animal was generated.
B. Locations Chosen for the Model
Tidal channels that resemble real-world locations of interest to tidal developers were chosen in the US (Admiralty Inlet, Puget Sound, Washington State), in the UK (Lashy Sound, Scotland), and in Canada (Minas Passage, Bay of Fundy, Nova Scotia). The bathymetric profile of each location was generalised for the model, as were the tidal current speeds and turbine locations. (Figure 1 , Table 1 ). Figure 1 . The width and depth of each of the three channels is shown at scale, with three turbines (small dots) evenly spaced across the cross section. Lashy Sound has a much higher blockage than the other deeper, wider channels.
To model the tidal currents, each of the locations was assigned a uniform distribution of velocities between zero (slack tide) and the maximum speed (flood and ebb tide). All tidal currents are reported as a positive flow for both flood and ebb tides. (Figure 2) . Literature values determined the swimming speed and depth profile for each marine mammal, along with movement data in tidal channels, where available (Table 2 ). For example, data from the San Juan Islands in Washington State suggest that killer whales spend a substantial portion of their time (>97%) at the surface. However, killer whales are known to forage in tidal channels, diving to catch their prey [11] For this reason, animal behaviour in tidal channels may be different than that of the animals generally. For the seal, specific dive data for a tidal channel were available [12] . In Lashy Sound, the seals were assumed to spend 25% of their time in the middle 20 m of the water column, at the depth of the tidal turbines, based on dive data from other UK tidal channels, and 75% of their time in the upper 5 m and within 5 m of the seabed. In the deeper channels, the harbour porpoise and killer whale were assumed to spend 75% of their time within 10 m of the surface and within 10 m of the seabed. Once an individual animal was assigned a swimming depth distribution,
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the model had each marine mammal species swim at constant depth as it passed through the swept area of the blade.
The swimming speed distributions for the three marine mammals were based on typical swimming speeds. Harbour seals and harbour porpoises have been observed to swim against the prevailing current [13] , while killer whales have been observed to swim against the flood tide and with the ebb tide [11] . A distribution of typical animal size (length and girth) for each marine mammal species was also generated for the model. Based on tidal current speeds and swimming speeds, the length of time spent in the rotor-swept area was calculated for each animal, as was the likelihood of the animal being struck on the head, midsection, or tail portions of the body. Based on previous studies, a strike on the animal's midsection is likely to cause the greatest injury because of the greatest momentum transfer from the blade to the animal. A strike in the tail region was assumed to cause the least injury. 
D. Tidal turbine specifications
Two different designs of axial flow turbines-two-and three-blade turbines-were chosen. The technical specifications of the turbines were drawn from the DOE Reference Model [10] . Each blade was 10 m long with a rotor diameter of 20 m. Each of the three turbines was placed such that the lowest point of the blade sweep was 5 m above the bottom of the channel, regardless of the channel depth.
RESULTS
Each model run was independent, providing a data set of 1,000,000 runs used for statistical analysis for each marine mammal at its associated location in the US, UK, or Canada, for a total of 3,000,00 model runs. Because there are few reliable estimates of the total population of these marine mammal species present at each tidal location, we sampled the data set for the relative portion (percentage) of the marine mammals present at the tidal site. We estimated the relative portion of each population that would encounter a tidal blade, and the likely severity of injury for each encounter.
The severity of injury is reported as injury unlikely, injury possible, injury likely, or serious injury likely (Figure 3) . The calculations that lead to "injury unlikely" designation is due to combinations of low-risk factors such as an animal colliding with a slow-moving blade, colliding with the root of the blade, and animals being struck on the tail. Calculations for "injury possible" and "injury likely" designations are derived from a combination of these low-risk factors and higher-risk factors that drive the "serious injury likely" designation including the marine mammal's midsection colliding with the tip of a fastmoving blade.
The model results indicated that 4295 killer whales (out of 1,000,000) were within the rotor-swept area in Admiralty Inlet, representing a collision probability of 0.43%. Less than 0.05% of the animals in the area were likely to be injured (0.038% for the two-bladed turbine and 0.049% for the three-bladed turbine). For a two-bladed turbine, less than 0.011% were likely to suffer serious injury and 0.036% of the animals were unlikely to be injured or could possibly be injured (Table 3 , Figure 3 ). 
of the animals present in the tidal channel. The injury level is once again determined by the encounter variables. A seal hit on the tail by the root of a slow-moving blade was unlikely to be harmed, while a fast-moving blade tip encountering the animal's midsection was likely to cause serious injury. The likelihood of serious injury in Lashy Sound for harbour seals was 0.035% for the two-bladed turbine, and 0.048% for the three-bladed turbine (Table 3, Figure 3) .
The model predicted the lowest encounter rates and probability of injury for the harbour porpoise in Minas Passage-0.343% in the rotor-swept area and serious injury rates of 0.0055% (Table 3, Figure 3 ). 
DISCUSSION
The collision risk model presented here indicates that the proportion of three indigenous species of marine mammals likely to be seriously injured in a collision with a tidal turbine ranges from 0.035% for harbour seals in the relatively shallow and constricted Lashy Sound to 0.006% for harbour porpoise and 0.011% for killer whales in the deeper wider channels in the Bay of Fundy and Puget Sound, respectively. These results support all other evidence collected to date that a collision between a marine mammal and a tidal turbine blade is a rare event [1] , even if we do not account for any behavioural avoidance from the animals. The model represented here addresses the risk to individual marine mammals traversing a tidal channel with turbines, but does not address the overall risk to the populations.
The model parameter that drove the greatest differences between the turbine blade encounter rates in the three locations is the relative blockage of the channel. A shallower, more constricted channel with turbine blades of similar size and number posed a higher risk for a marine mammal swimming in the channel. In addition, the swimming speed and length of each marine mammal contributed to the potential severity of injury, if the animal swims within the rotor-swept area. The killer whale in Admiralty Inlet was substantially longer than the other two animals, and consequently spent more time swimming through the rotor-swept area. There is relatively little difference in the likelihood of injury to the marine mammals in any of the locations between the twobladed and three-bladed turbines because the additional blockage from two or three blades does not represent a significant amount of additional time during which an animal would encounter the blade.
These modelled estimates of collision risk represent the likelihood of serious injury for marine mammals that act as passive swimmers with no behavioural response that might further reduce the risk of collision. Marine mammals have excellent sensory capabilities [23] and are expected to be able to detect the presence of tidal devices at some distance. Many marine mammals actively pursuing prey through turbid waters in close proximity to turbines are likely to detect the presence of the turbine, allowing for evasion of the machine.
While not yet quantified, it is expected that the behavioural responses of pinnipeds and cetaceans will further lower the probability of collision with a tidal turbine.
The model assumptions that drive estimates of injuries incurred as greater transfers of momentum from a turbine blade to an animal are likely to increase the damage done to the animal. However, it is important to note that the large size difference between the animals examined (the mass of a killer whale can be more than 20 times that of a harbour seal) could also result in considerably more damage done to the smaller animal, if a collision occurs. Based on previous work [7] [8], injury to marine mammals is based on biomechanical properties of the skin and blubber layers of the animals, and injury is defined as lacerations and bruising. These measures of injury do not take into account the possibility that the rotational forces of a tidal turbine might cause spinal damage to the skeleton of a smaller animal such as a porpoise or seal. The damage that a tidal turbine might do to the skin of a marine mammal, resulting in abrasions that lead to infection and lingering injury, are also not accounted for, although the skin of pinnipeds (such as the harbour seal) is likely to withstand this type of injury better than that of cetaceans (like the harbour porpoise and killer whale) because the semiterrestrial lifestyle of pinnipeds results in stronger and stiffer skin [24] This modelling effort was set in three basins where tidal development is expected (Admiralty Inlet, Minas Passage, and Lashy Sound). The marine mammals examined are indigenous to each of the three locations, but these species may not prove to be the marine mammals of greatest concern in those locations. It is important to note that the tidal channels examined are crude approximations of the likely deployment locations. Similarly, the axial turbines modelled are based on the theoretical Reference Model turbine [10] which was designed for the DOE as a platform for testing modelling tools and calculating the levelised cost of energy, and they do not represent any existing tidal technology.
Further refinements of the simple model we have presented are possible, especially accounting for tidal turbine arrays that are laid out along channels or in configurations other than the cross-channel placement we have described here. However, the greatest need for better understanding and quantification of collision risk to marine mammals centres around observations of the behaviour of these animals in tidal channels, particularly in the vicinity of deployed and operating turbines. These studies, coupled with monitoring data around early tidal devices and arrays, will help to validate this and other more complex collision risk models, leading to more precise estimates of the probability of marine mammals colliding with tidal turbines, and the potential for serious injury if such collisions occur. A key next step would be to translate the findings of this modelling exercise to population impacts.
The model results presented here are the result of broad approximations of the tidal channels, marine mammal movement and behaviour, and tidal technologies. The model is simple and could easily be modified for use in other tidal channels, with other marine mammal species, and with other tidal turbine designs. The best use of these results, and the application of this model in other locations, would be as a point of departure for discussions between tidal project applicants and the appropriate regulatory and resource management agencies. Discussions between developers and regulators can be informed, we believe, by this first-order estimate of the likely risk of collision by marine mammals, from which more detailed or generalised estimates might be made.
